A method was developed to determine the elastic behavior of large blood vessels in terms of their transmission characteristics for small sinusoidal pressure signals. The method is new insofar as it utilizes transient signals of the form of finite trains of sine waves that are superimposed on the naturally occurring pressure fluctuations and are generated by an electrically driven impactor or by a pump. Its application to the thoracic aortas of 18 mature mongrel dogs anesthetized with pentobarbital has shown that dispersion and attenuation data for frequencies between 40 and 200 cps can be obtained without requiring either Fourier transform computations or resolution of reflection interference. For the frequency range considered, the descending aorta is only mildly dispersive but exhibits strong attenuation that must be attributed primarily to dissipative mechanisms in the vessel wall. At normal blood pressure levels, the wave speed during diastole can have a value between 4 and 6 m/sec. For all frequencies tested the amplitude ratio of the waves exhibits the same exponential decay pattern with distance measured in wavelengths. A marked increase in wave speed observed from diastole to systole can be associated with an increase in mean flow and with a stiffening of the aortic wall due to the rise in pressure. This phenomenon implies that the aortas of anesthetized dogs should exhibit nonlinear properties with respect to large amplitude pulse waves such as those generated by the heart.
• This communication is one of a series (1, 2) dealing with the mechanical properties of blood vessels in terms of their wave transmission characteristics. It describes a new experimental approach to the determination of the distensibility of large arteries and veins by measuring the dispersion and attenuation of artifically induced pressure waves. Even though the experimental results given in this paper have been exclusively obtained from the aortas of anesthetized dogs, the data are expected to be helpful in the selection of an appropriate mathematical model for the mechanical behavior of blood vessels in general. Specifically, it is hoped that the results will be useful in the determination of the constitutive laws obeyed by the walls of arteries and veins (3, 4) .
Various mathematical models for the mechanical behavior of blood vessels have been proposed and utilized to predict the propagation characteristics of sinusoidal pressure waves in the circulatory system. Significant theoretical contributions (5) (6) (7) (8) (9) (10) and comprehensive reviews of theoretical as well as experimental investigations of wave transmission in blood vessels and hemodynamic problems in general (11) (12) (13) (14) (15) have been published.
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Experimental data on the mechanical properties of various blood vessels have been obtained by four different approaches: (1) force-displacement measurements on excised vessels (16) (17) (18) ; (2) force-displacement measurements on vessels in situ or in vivo (3, 19, 20) ; (3) determination of the propagation characteristics of individual harmonic components of the natural pulse wave generated by the heart (21, 22) ; (4) measurement of transmission characteristics of artificially induced pressure waves (23) (24) (25) (26) .
None of these approaches is ideal from all points of view, but it appears that the last one should be given preference for a variety of reasons. The removal of the vessels from their natural surroundings raises a multitude of physiological questions and also introduces some mechanical uncertainties regarding the simulation of the forces and constraints to which the vessels are subjected under natural conditions. Force-displacement measurements on vessels under in-vivo conditions seem to be more meaningful, particularly when the circulation through the vessel does not have to be interrupted; however, the question of the extent to which this measuring technique alters the "normal" mechanical behavior of the vessel still exists. The accuracy of data derived from an analysis of the propagation characteristics of individual harmonic components of the pulse wave generated by the heart is highly debatable. There is increasing evidence that the transmission of the natural pulse is influenced by nonlinear phenomena that preclude in a strict sense its resolution into harmonic components for the purpose of determining their speeds and attenuation (27, 28) . The data presented in this paper appear to lend further support to this view.
With the development of extremely sensitive displacement and pressure and flow transducers with a high frequency response, it has become possible to measure accurately in various large blood vessels the propagation characteristics of artificially induced waves of controlled shape and amplitude. The mechanical properties of these vessels can then be determined by making use of recent theoretical studies of the transmission of small waves in arteries and veins (29) (30) (31) . The relevance of the properties obtained in this manner depends on the validity of the mathematical model that was introduced for the mechanical behavior of blood vessels in the theoretical prediction of the wave propagation characteristics. As far as the determination of elastic and viscoelastic properties of the vessel wall are concerned, this approach is obviously an indirect one, and as such somewhat cumbersome. However, its advantages are that it yields essentially local and instantaneous values. The usefulness of such an approach in assessing changes in the elastic behavior of blood vessels caused by altered physiological conditions or vascular diseases is self-evident. Also, with the help of transcutaneous ultrasound sensors, the technique should theoretically be applicable to certain vessels in man without requiring penetration of the skin.
Theoretical Considerations
The manner in which a signal is propagated in any medium depends in general on the nature and form of the signal. For example, the propagation characteristics of a pressure pulse of a given shape normally depend on the amplitude if it exceeds a certain range. Large amplitude signals are extremely difficult to analyze mathematically, since their behavior is influenced by nonlinear phenomena that are negligible when the amplitude is small. Also, the nonlinear effects do not permit a complex propagating signal to be synthesized from-or resolved into-simple harmonic components whose properties can be readily defined and analyzed. Therefore, in most theoretical studies the amplitude has been assumed to be sufficiently small to allow for linearization.
The propagation characteristics of small signals in a given medium or system are customarily described by the speed and attenuation of infinitely long trains of sine waves (harmonic waves) as a function of the frequency or wavelength (32) . Considering the
FIGURE 1
Fourier transform of finite trains of sine waves. A nonperiodic function f(t) can he synthesized by an infinite aggregate of harmonic functions whose circular frequencies w -2*1 may assume all possible values in the continuous range -00 < w < CO. Mathematically this synthesis assumes the form of an integral, which is called Fourier integral and, in complex notation, can be written as given in the figure. The function F(w) is usually referred to as the Fourier transform of f(t) and is in general complex. It therefor can also be expressed as F(w) = | F(w) | e 19 '^), where | F(u) | is the so-called frequency density spectrum and 6(ui) the phase density spectrum. |F(w)| d» specifies the degree in which sine waves with frequencies between a and w -\-du are represented in the aggregate of harmonics that synthesize the function f(t). When f(t) is an even function [f(-t) = f(+ t)], as in the case of the finite trains of sine waves shown on the left-hand side of the figure, then F(w) is real and also an even function; moreover, the phase angle 0 is 0° when F(w) > 0 and 180° when F(«) < 0. In such cases the description of F(u) may be restricted to positive values of w. The uppermost pair of graphs illustrates a train of 2'A sine waves of circular frequency u 0 (left) and the corresponding Fourier transform F(w) (right). The pairs of graphs in the center and at the bottom correspond respectively to trains of 4'A and 8'A sine waves of the same circular frequency a 0 . In each case the Fourier transform F(w) has a distinct maximum at w 0 . With increasing length of the train, F(u) peaks more sharply at oi = a 0 , and F(a 0 ) dominates the spectrum in increasing proportion. In the limiting case of an infinitely long train Circulation Research, Vol. XXIIf, October 1968 simplest case of such a train of sine waves with a frequency / propagating in a specified direction, say the x-axis, one can express mathematically the variation of the signal p with the coordinate x and the time t by
c is the amplitude of the signal at station x and c the speed. Since c can be determined from the instantaneous phase difference ^-Ax bec tween two points separated by the distance Ax, the speed of an infinite train of harmonic waves is commonly referred to as phase velocity. When the phase velocity varies with frequency, the system is called dispersive (32) . As a convenient measure for the attenuation of harmonic waves one can use the ratio A(x)/A(x 0 ) of the amplitude at a distal station, x, to that at a proximal station, x 0 . Henceforth, the amplitude at station x will be denoted simply by A and that at station x 0 by A o . In reality one does not have infinitely long trains of harmonic waves, since the media are of finite dimensions. Moreover, it may even be impossible to observe finite trains of appreciable length when reflection sites are in close proximity to the point of observation. Therefore, practically, the dispersion and attenuation of infinitely long trains of harmonic signals can only be determined from the propagation properties of signals of finite length. When the signals are of nonsinusoidal shape, this requires the laborious evaluation of the Fourier transform of the propagating signal at various locations within the medium and a careful accounting of the uncertainties that may arise from the occurrence of reflections.
For a mildly dispersive medium, namely, one in which the phase velocity varies only a F(u 0 ) would be infinite at u=zu> 0 and zero everywhere else. The progressive dominance of F(a 0 ) with increasing length of the sine wave train implies that in a mildly dispersive medium such signals should have a speed of propagation which is a close approximation to the phase velocity corresponding to a g . few percent whenever the frequency is changed by 10%, the need for Fourier transform computations can be circumvented if the transient signal is in the form of a finite train of sine waves. As indicated in Figure 1 , the Fourier spectrum of such waves is dominated by the frequency of the sine waves in increasing proportion to the length of the trains. Therefore, the speed of such a signal can be considered a good approximation of the phase velocity corresponding to the frequency of the sine waves. Also, it is possible to avoid the interference of reflections with the transient signal if the signals are of sufficiently short duration or if the medium exhibits strong attenuation. For sufficiently high frequencies and short trains, the waves can be recorded before their reflections arrive at the recording site. In the case of strong attenuation, the reflections of a small wave can be completely damped out before they reach the transducer location.
Methods
Guided by the preceding theoretical considerations, the authors have induced small pressure disturbances in the form of finite trains of sine waves in the aortas of 18 anesthetized mature mongrel dogs. The animals weighed 20 to 40 kg and were anesthetized with sodium pentobarbital (Nembutal), 30 mg/kg, iv. The dogs were supine throughout the experiment and artificially ventilated with room air at the rate of 9 to 11 liters/min by a Palmer respirator. The blood pressure was continuously monitored with the aid of a Statham P23Dd manometer connected to a radiopaque catheter inserted through the left carotid artery or the omocervical artery and positioned with an x-ray fluoroscope in the aortic arch.
The basic experimental arrangement is schematically illustrated in Figure 2 . The pressure signals were generated either by an electrically driven impactor or by a pump producing sinusoidal pulses of controlled frequency and amplitude. Both the impactor and the pump were designed and constructed in our laboratory. When the pump was used, a polyethylene cannula with an internal diameter of 4 mm was inserted through the left subclavian branch into the descending aorta. When the sinusoidal waves were induced with the aid of the impactor, it was positioned over the aorta in such a manner as to produce small indentations of the vessel wall. The impactor was inserted into the chest through an opening in the left fourth or fifth intercostal space or one along the midline. It was usually placed a few centimeters below the left subclavian branch. In some cases the intercostal branches were ligated and the aorta was freed from its attachment to the thoracic wall. The pressure signals generated by the indentations of the vessel wall or the sinusoidal pump were measured by means of highly sensitive pressure transducers adapted for physiological applications as catheter-tip manometers. Two types of pressure transducers were used for this purpose. Both were originally designed for the measurement of rapid pressure fluctuations in wind tunnel models. One of the transducers is a commercially available Bytrex pressure cell Model HFD-5 1 which utilizes silicon semiconductor strain gauges. The other is a capacitance type of pressure cell recently developed at the Ames Research Center (33) .
The Bytrex pressure cell has a diameter of 3 mm. It is gold plated to reduce the corrosive effects of body fluids. The shielded leads and the venting tube are protected by a heat-shrinkable plastic tube forming a leak-proof flexible catheter. The cell has a sensitivity of 80 p / m m Hg with an excitation of 25 v. It is linear within 1% from 0 to 300 mm Hg, and has a natural frequency above 60 kc in air. The output from the bridge circuit is amplified by means of Astrodata vastly different from those of axisymmetric disturbances (1, 2) . The presence of non-axisymmetric components may therefore make it impossible to observe a single finite train of sine waves, at least within close proximity of the wave generator. Fortunately, these non-axisymmetric waves are completely attenuated within a distance of about 10 vessel radii (5 to 6 cm) from the impactor. This has been verified by comparing the pressure recordings from two transducers positioned at different points of a given lumen cross section. When the amplitude and the phase difference between the two pressure signals were negligible for any relative location of the transducers in that cross section, it was concluded that the signal was axisymmetric. It is relatively easy to determine the speed of a train of small sinusoidal pressure disturbances by measuring the transmission time of readily identifiable corresponding points of the signal. As illustrated in Figure 4 , the authors selected as characteristic points the intersections of the tangents at successive inflection points. Representative tracings of recordings of the natural pulse wave in the thoracic aorta of an anesthetized dog, with artificially superimposed trains of sinusoidal waves. The transient signals can be induced at any time during the cardiac cycle. Note that the sine waves are highly damped but retain their sinusoidal character during propagation. All of the pressure curves are drawn to the same relative scale, as indicated. However, each of the curves has a different zero point since they were separated for illustration purposes.
to the frequency of the sine wave, which is 70 cps in this particular case. With a recording speed of 100 cm/sec and time lines at 10 msec intervals, it was usually possible to determine the time lag, At, with an accuracy of 0.3 msec. The amplitude is defined as indicated in Figure 4 and denoted by A o at the proximal transducer and by A at the distal transducer. By measuring At and A/AQ for the various frequencies and distances, Ax, between the transducers, one obtains the dispersion and attenuation characteristics of these waves for different segments of the aorta.
Results
Examples of actual recordings of small pressure signals in the form of finite trains of sine waves superimposed on the naturally occurring pressure fluctuations in the aortas of anesthetized dogs are given in Figure 5 . Each of the three pairs of pressure records shown was obtained with the aid of two catheter-tip manometers positioned at different points in the thoracic aorta. The natural pulse wave and the artificially induced pressure signals can easily be recognized. In these instances, the frequencies of the sine waves were 70, 100, and 140 cps. The recordings in Figures  4 and 5 are from experiments in which the low-frequency impacts were deliberately made larger than normal to provide a clear illustration. In the data discussed below, the amplitudes of the sine waves were generally less than 5 mm Hg and their frequencies ranged from 40 to 200 cps. Wave trains with frequencies below 40 cps could be recorded over a distance of more than 20 cm. Most of the results given in this paper are based on wave transmission data obtained from a segment of the thoracic aorta less than 12 cm long to minimize the effects of taper and branching.
The sinusoidal pressure signals were generated at various times in the cardiac cycle in each dog, as illustrated in Figure 5 . Though attenuated during their propagation, inspection indicates that they retain their sinusoidal character. The absence of noticeable distortions of the sinusoidal pressure waves suggests that the aorta is not strongly dispersive for pressure waves in the frequency range considered here and that there are no discernible effects of reflections. In a strongly dispersive medium one should observe "forerunners" (34) of the trains of sine waves, especially when the trains are short. However, no forerunners of the pressure signals could be discerned in the aorta. For sinusoidal waves recorded during diastole, the time lag, At, did not vary measurably with the selection of a characteristic point within the same train. This can be interpreted as further evidence that the aorta is not strongly dispersive and that the effects of reflections are negligible.
However, for signals produced during systole, At was noticeably different for different characteristic points within the same train and appeared to vary systematically with the cardiac phase. This implies that the signal speed also varied with the cardiac phase during systole. Theoretical analyses indicate that the wave speed may be affected by both pressure (1, 2, 29) and mean flow (35) . Any description of the dispersive nature of the aorta should therefore include a reference to the pressure and the instantaneous mean flow levels at which the wave speeds were determined. A separate study of the effects of a mean flow on the velocity of various waves is now in progress. The dispersion curves given here are restricted to waves generated 5 Typical dispersion curve for waves generated in the descending aorta during diastole at a pressure between 69 and 77 mm Hg. Each point represents an average of 3 to 10 speed measurements of different wave trains at the same pressure levels during diastole.
during the diastolic phase during which the mean flow velocities are insignificant compared with the signal speed (11) .
A typical dispersion curve is shown in Figure 6 . In this particular case, the wave speed is approximately 4.3 m/sec and is nearly independent of frequency between 40 and 140 cps. The attenuation of sinusoidal waves in terms of the amplitude ratio AI A o as a function of the distance between the transducers in centimeters is given in Figure 7 . It is evident that the low frequency waves are transmitted over a much larger distance than are the high frequency signals. This attenuation can be attributed to the combined effect of three main causes: (1) dissipation mechanisms in the vessel wall; (2) radiation of energy into the surrounding tissue or vascular bed; and (3) viscosity of blood. The radiation of energy into the surrounding medium must play a minor role in the thoracic aorta since the complete surgical exposure of the aortic segment in which the waves were studied did not cause a noticeable change in the dissipation of the waves observed before exposure. Moreover, it has been shown theoretically (30) that the viscosity of the blood can account for only a small fraction of the observed attenuation for the frequency range and type of waves considered here. Therefore, the damping of pressure waves can be Attenuation of small sinusoidal pressure waves with three different frequencies in the aorta of a dog during diastole. The attenuation is given in the form of the amplitude ratio as a function of the distance travelled by the waves measured in centimeters. Note the rapid dissipation of the signals at higher frequencies. Typical attenuation of sinusoidal pressure waves with A/A,, plotted on a logarithmic scale. The slope of the lines approximating the variation of h\(h./k 0 ) with Ax/X defines the attenuation coefficient k. In the two cases illustrated k was determined graphically and found to be 0.87 and 0.89. In 18 experiments on different dogs, k was found to vary between 0.7 and 1.0. Note that the exponential decay pattern is independent of frequency.
almost entirely attributed to dissipation mechanisms in the vessel wall.
Knowing the phase velocity, c, as a function of the frequency one can compute the wavelength A=^-and represent the attenuation as a function of the nondimensional distance -r-A for all frequencies. Figure 8 gives representative attenuation patterns when A/A o is plotted on a logarithmic scale against Ax/A. It appears that for all frequencies the amplitude ratio A/A o decreases in the same exponential fash-... Ax ion with -r-:
The results of 18 experiments on dogs indicate that at normal blood pressure levels the wave speed in the thoracic aorta during diastole has a value between 4 and 6 m/sec, while the attenuation coefficient, k, varies between 0.7 and 1.0 for waves propagating in the peripheral direction. The data from all these experiments show a high degree of consistency, in contrast to the findings of Faber and Purvis (36) , who recorded the speeds of various frequency components of the second heart sounds in the upper thoracic aortas of anesthetized dogs. For frequencies below 40 cps, the waves induced by the impactor generally no longer had the form of pure sine waves, and the data from such waves usually showed a somewhat larger scatter and were therefore not used. Even so, between 20 and 40 cps, the waves were sufficiently close facsimiles of pure harmonics to warrant noting that their transmission properties were essentially the same as those for waves with frequencies higher than 40 cps.
The method developed for these experiments permits the generation of transient signals at any instant of the cardiac cycle ( Fig. 5 ) and should therefore allow for a study of the combined effects of the naturally occurring pressure and flow fluctuations on the transmission characteristics of pressure signals. Also, by occluding the ascending Speed of sinusoidal pressure waves of various frequencies as a function of the instantaneous aortic pressure. The transmission time At used to determine the speed was consistently that of a characteristic point in the middle of the train. In this case the diastolic pressure ranged from about 65 to 85 mm Hg; the systolic pressure was between 85 and 100 mm Hg. Data points corresponding to pressures below the diastolic were obtained by occluding the aorta for about 10 sec. Note the steeper rise of the wave speed with pressure between diastole and systole which may be attributed to the stiffening of the aorta with pressure and an increase in mean flow. Since only insignificant mean flow can be present when the aorta is occluded, the data points for 60 cps below the diastolic pressure indicate a change in wave speed with pressure alone.
aorta for a few seconds or by stopping the heart through vagal stimulation, the effect of pressure alone on the speed of the sine waves can be determined. The pressure dependence of the phase velocities can then be used as a measure of the change of the elastic properties of the aorta wall with stress.
During systole the speed of the sine trains was consistently evaluated by measuring the time lag, At, of a characteristic point in the middle of the trains. By plotting the corresponding speed as a function of the instantaneous aortic pressure, one obtains as typical data those shown in Figures 9 and 10 . The points representing the speeds of waves of different frequencies have been identified by the symbols listed in the left-hand corner of each graph. The data corresponding to Circulation Research, Vol. Will, October 1968 extremely low pressures shown in Figure 9 and in the top part of Figure 10 were acquired by occluding the ascending aorta for about 10 seconds, while the data in the bottom part of Figure 10 were obtained during vagal stimulation. Figure 9 demonstrates that with a blood pressure of 100/65 mm Hg, the wave speed may increase from approximately 4 m/sec at diastole to about 6 m/sec at systole. This result is independent of frequency in the range from 40 to 120 cps. In other words, with a pulse pressure of 35 mm Hg the phase velocity can increase by as much as 50% from diastole to systole. The relatively large scatter of the data points for systolic pressures may be due to the rapid changes in mean flow that occur during the systolic phase of the cardiac cycle. Wave speed variation with instantaneous aortic pressure. The data given here portray essentially the same pattern as those in Figure 9 . iix t denotes the distance between the wave generator and the nearest pressure transducer. Top: The diastolic pressure ranged from about 110 to 130 mm Hg and the systolic from 130 to 140 mm Hg. Data points below 100 mm Hg were obtained by occluding the aorta and using waves with frequencies of 60, 80, and 100 cps. Bottom: The diastolic pressure varied from about 75 to 95 mm Hg and the systolic from about 95 to 115 mm Hg. Data points for 50 cps below 75 mm Hg were acquired by intermittently arresting the heart by vagal stimulation.
Discussion
The data on wave transmission derived from 18 experiments consistently portrays a very weak dispersion for pressure waves gen-erated during diastole and exhibits in all cases the same exponential decay pattern for the amplitude of a propagating sinusoidal pressure wave. The attenuation per wave-length is nearly independent of frequency between 40 and 200 cps, and the attenuation coefficient, k, ranges from 0.7 to 1.0. Therefore, during propagation over a distance of one wavelength (2 to 15 cm) the amplitude of a sine wave will diminish to about 50% to 30% of its initial value. This loss of energy must be attributed primarily to dissipative mechanisms in the vessel wall, since the viscosity of the blood and the radiation of energy into the surroundings of the aorta can account for only a relatively small fraction of the attenuation in the frequency range considered.
The absence of any significant dispersion and reflection interference was indicated by the facts that for small amplitudes the sine waves retained their sinusoidal form during propagation and the signal speed was independent of the choice of a characteristic point. Under such conditions, one can justify interpreting the signal speed as an approximation of the phase velocity corresponding to the frequency of the sine wave and thus avoid the laborious Fourier transform computations.
The frequency and amplitude of the sinusoidal pressure waves could be accurately controlled whether they were generated by the pump or by the electrically driven impactor. However, the number of sine waves contained in each train and the interval between the trains were most accurately regulated when the impactor was used. Therefore, in most of the experiments, the waves were generated by a controlled tapping of the aorta. To minimize any possible manifestations of nonlinear effects associated with large pressure fluctuations, the amplitudes of the sine waves were generally chosen no larger than necessary for a precise determination of the signal speed. For wave amplitudes less than 5 mm Hg, no evidence of reflections or nonlinear behavior was discernible for frequencies above 40 cps. For frequencies between 20 and 40 cps, there were also no obvious manifestations of nonlinear propagation characteristics, but it should be noted that such waves in general exhibited minor distortions, even with small amplitudes. However, Circulation Research, Vol. XXlll, October 1968 these waves were so close to being pure harmonics that their speeds and attenuation may be interpreted as meaningful data with some qualification. For frequencies below 40 cps it was possible to generate waves with amplitudes up to 20 mm Hg. Such waves clearly altered their shape during propagation, but no attempt was made to interpret these changes as the result of reflections or specific nonlinear properties of the aorta.
Of particular significance among the results presented here is the marked increase in wave speed between diastole and systole. This rise in speed can be attributed to two probable causes, a stiffening of the aortic wall with pressure and an increase in mean flow. This phenomenon is now under detailed study, since it implies that the aortas of anesthetized dogs should exhibit nonlinear properties with respect to large amplitude pulse waves such as those generated by the heart. A nonlinear behavior of the aorta in this sense would call for a reassessment of the interpretation of all data derived from the propagation characteristics of individual harmonic components of the natural pulse wave.
The dispersion and attenuation properties of the aorta for a given pressure level and axial stretch can be utilized in the determination of a valid mathematical model for the mechanical behavior of the aorta and specifically in establishing the constitutive laws of the vessel wall. The insignificant dispersion of pressure waves within the frequency range covered by the experiments has been predicted by several theoretical studies (1, 2, 29, 31) . In these and other analytical investigations it was shown that there are three different kinds of waves that can be transmitted by a cylindrical vessel. The waves can be distinguished by the corresponding displacement pattern of the vessel defined by the motion of an arbitrary point of the wall in the axial, circumferential, and radial directions. The propagation characteristics of the wave will depend strongly on which of the three displacement components dominates. For example, a wave in which the radial motion of the wall dominates is transmitted at a relatively low speed and exhibits a strong intraluminal pressure fluctuation. Such a wave is generally referred to as a pressure wave. Waves with dominant axial or circumferential wall motion, by contrast, produce extremely small pressure disturbances but travel at a considerably higher speed than do pressure waves. In references 1 and 2 the three types of waves were predicted on the basis of a mathematical model in which the elastic and viscoelastic properties of the wall material are free parameters that can be evaluated, for example, by measuring the propagation characteristics of one type of wave. With this information one can then predict the transmission properties of the other types of waves, and by comparing them with those measured in experiments, the validity of the model can be conveniently tested.
A quantitative evaluation of changes in the elastic properties of blood vessels on the basis of altered propagation characteristics of waves is only meaningful after a mathematical model has been established which predicts the dispersion and attenuation of the various waves with a reasonable accuracy. With such a model, it should be possible to apply the method described in this communication in a systematic study of the control mechanisms that may govern active changes in the elastic properties of blood vessels.
